Introduction
Synthetic anionic surfactants (ASs) are widely used as detergents, and are directly discharged into environmental water. The traditional methylene-blue (MB) colorimetric method [1] [2] [3] is widely used for the determination of the total amount of anionic surfactants in water samples. However, this method has many technical disadvantages, as follows: the extractability of the AS-MB ion pairs is poor, requiring multiple extractions; the MB dye is unstable in aqueous solution, requiring a preliminary refinement; the working environment is harmful, consuming a large amount of chloroform; the MB method is unspecific for ASs, resulting in total MB-active substances; and MB can be fatally adsorbed to glass surfaces. Thus, various kinds of quantification methods have been proposed by many workers, based on colorimetric methods using several cationic dye compounds, such as bis[2-(2-pyridylazo)-5-diethylaminophenolato]cobalt(III) chloride, 4, 5 bis[2-(5-chloro-2-pyridylazo)-5-diethylaminophenolato]cobalt(III) (Co(III)-5-Cl-PADAP) chloride, 6, 7 1-(4-nitrobenzyl)-4-(4-diethylaminophenylazo)-pyridinium bromide, 8 ethyl violet (EV), 9 ,10 1-alkyl-4-(4-dialkylaminophenylazo)-pyridinium bromide, 11 4-(4-N,N-dimethylaminophenylazo)-2-methylquinoline, 12 and Co(II)-phthalocyanine. 13 The EV method is introduced in the Japanese official method 14 as a regular testing procedure in addition to the traditional MB method, but the method is highly pH-dependent and the A spectrometric method for the determination of anionic surfactants in environmental water samples using the [Co(III)-(5-Cl-PADAP)2] + chromophore was technically improved for practical use. An anisole-extraction procedure was alternatively introduced and optimized in place of the earlier benzene-extraction procedure. The molar absorptivity for SDS found by the Co(III)-5-Cl-PADAP/anisole method was 72000 L mol -1 cm -1 at 560 nm, which was ca. 1.3-times higher than those by the Co(III)-5-Cl-PADAP/benzene method. The analytical sensitivity was almost independent of the kind of anionic surfactants. The calibration lines for SDS, LAS, and SSS were all linear between 1.0 × 10 -7 and 1.0 × 10 -5 mol L -1 with acceptable r 2 values of 0.9998, 0.9995, and 0.9999, respectively. The method was applied to the analyses of river, well, and seawater samples, providing the compatible results by means of the standard-addition method. In the case of seawater, a phase-washing treatment of the extracted species using dilute HCl was effective to decrease the high blank absorbance. The Co(III)-5-Cl-PADAP/anisole method, showing no glass-adsorption problem, is more advantageous than the methylene-blue and ethyl-violet methods. denoted by Co(III)-5-Cl-PADAP, chloride was obtained from Dojindo Laboratories (Kumamoto, Japan). Sodium dodecyl sulfate (SDS) and sodium linear-dodecylbenzene sulfonate (LAS) both of standard reagent grade were purchased from Wako (Osaka, Japan), and sodium di(2-ethylhexyl)sulfosuccinate (SSS) of analytical reagent grade was from Tokyo Kasei (Tokyo, Japan). Ammonium sulfate, anisole (methoxy benzene), and other chemicals, all of guaranteed grade, were purchased from Wako.
The water used was purified by passing tap water through a Nihon Millipore (Tokyo, Japan) Direct-Q water-purification system. 
Real water samples
Three real water samples were collected from Sakaigawa river located in Fujisawa, Japan, from Inasegawa river in Kamakura, Japan, and from a private well in Kamakura. A coastal seawater sample was collected around Enoshima island, located in Fujisawa. Each water sample was subjected to the analysis preceded by filtering through a 0.45-μm hydrophilic PTFE filter (f45 mm) from Advantec (Tokyo, Japan).
Apparatus
A Yamato (Tokyo, Japan) SA31 shaker was used for machine shaking of 50-mL separating funnels. A JASCO (Tokyo, Japan) V-660 UV-VIS spectrophotometer was used to measure visible-wavelength spectra for quantification. A narrow-width quartz cell of 1 cm in path length with 4 mm in liquid width was used.
Procedure
A 10.0-mL aliquot of 2.0 × 10 -5 mol L -1 Co(III)-5-Cl-PADAP and a 10.0-mL aliquot of 1.0 × 10 -5 mol L -1 SDS (or other AS standard, or a sample water) were both pipetted into a 50-mL separating funnel, and a 1-mL aliquot of 1 mol L -1 (NH4)2SO4 was added as the phase-separation agent. Subsequently, a 5.0-mL aliquot of anisole was poured into the funnel, and the funnel was allowed to machine-shake for 5 min, and then to stand for 20 min. After separating into two phases, the organic phase was collected into the quartz cell, and the absorbance at 560 nm versus an anisole reference was measured for quantification.
Phase washing
This is an optional procedure for seawater analyses. A 5-mL portion of organic phase separated after extraction was transferred into another 50-mL separating funnel, and was shaken with a fresh 25-mL aliquot of 0.08 mol L -1 HCl for 1 min.
Results and Discussion

Choice of extractant alternative to benzene
Taguchi and coworkers have used benzene as the best choice for the extraction of SSS-Co(III)-PADAP and SSS-Co(III)-5-Cl-PADAP ion pairs from aqueous solutions, and reported the molar absorptivity of the extracted species to be 5.5 × 10 4 and 5.9 × 10 4 L mol -1 cm -1 , respectively. 4, 6 Since the Co(III)-complex chromophores can be extracted as their chloride forms into a solvent having a relatively high dielectric constant (er), such as nitrobenzene (er: 34.7) and chloroform (er: 4.81), leading to a high blank absorbance, the use of a low-er solvent has been recommended to extract the target ion pairs selectively. 4, 6, 7 However, relatively low-er solvents, such as toluene (er: 2.38), p-xylene (er: 2.27), and cyclohexane (er: 2.02), were inadequate for the extracting solvent alternative to benzene (er: 2.27), due to too low extractability of the ion pairs, giving 28%, 14%, and 0 over the efficiency of benzene extraction, respectively. Among the solvents tested, anisole (er: 4.33) was found to be an acceptable extracting solvent, successfully giving a 20%-high analytical sensitivity compared to those through the benzene-extraction procedure.
On the other hand, the 60/40 (v/v) mixture of anisole/cyclohexane has been used to extract AS-Co(III)-5-Cl-PADAP ion pairs in the analytical kit for AS determination, Ponalkit ® -ABS commercially available from Dojindo Laboratories. Figure 1 shows the dependence of the anisole/cyclohexane (v/v) ratio on the extraction efficiency, demonstrated by measuring the absorbance of the extracts at 560 nm through triplicate extractions of 1.0 × 10 -5 mol L -1 SDS-Co(III)-5-Cl-PADAP ion pairs. The apparent absorbance by the 60/40 (v/v) mixture was not very high, but with a low blank absorbance, as can be seen in Fig. 1 . The result indicated that the pure anisole could provide the highest absorbance, although the blank absorbance was also high. However, it took a long time for phase separation when using 100%-anisole, so that centrifugation was required for urgency. Therefore, some additional phase-separation agent was necessary for the anisole-extraction procedure to achieve clear and rapid phase separation.
Phase-separation agent
Several candidates were examined by adding a 1-mL aliquot of 1 mol L -1 agent to the aqueous phase before shaking. The averaged blank absorbances found through triplicate extractions individually are listed in Table 1 . The addition of every agent was effective for rapid phase separation. However, the blank absorbance was relatively high in every case, and the degree of influence was very different from agent to agent. Chloride ions were particularly active to the present Co(III)-5-Cl-PADAP/anisole extraction system. Since the [Co(III)-(5-Cl-PADAP)2] + ions can form ion pairs with Cl -ions, such neutral species are more prone to distribute into anisole having a relatively high dielectric constant, which has been pointed out by Taguchi and coworkers. 6, 7 Among the reagents examined, ammonium sulfate was found to be the best choice for the purpose, successfully , Extract absorbance; , blank absorbance.
giving the lowest blank absorbance. Ammonium sulfate is often used as a salting-out agent on many scenes of extraction, owing to its high solvation nature. In this work, ammonium sulfate was selected as an acceptable phase-separation agent.
Effect of concentration of the chromogenic agent
In order to suppress the blank absorbance to be as low as possible, the concentration of the Co(III)-5-Cl-PADAP chromophore to be added to the sample solution was minimized against the upper limit of the dynamic range for the AS determination. The blank absorbance decreased according as the concentration of the chromophore decreased, and the net sensitivity also decreased little by little. mol L -1 SDS standard, the blank absorbance could be reduced from 0.072 (Table 1) to 0.045, in which case the decrease in the net sensitivity was less than 1.5%. In this work, therefore, the concentration of Co(III)-5-Cl-PADAP was fixed to 2.0 × 10 -5 mol L -1 , which was twice as high as the upper concentration of the determination range.
Effect of sample size
From the theory of solvent extraction, the fraction of the solute extracted will depend on the volume ratio of the two solvents. The extraction efficiency (solute extracted, E) is related to the distribution ratio (D) by D/(D + Va/Vo), where Va and Vo are the volumes of the aqueous and organic phases, respectively. If the distribution coefficient of the solute is sufficiently large, the extraction efficiency is less dependent on the solvent volume ratio. In actual cases, however, the solvent extraction of ionic aggregates, such as AS-Co(III)-5-Cl-PADAP ion pairs, often seen in many colorimetric methods, seems to not be very quantitative. Figure 2 shows the influence of the aqueous/organic volume ratio on the absorbance of the anisole phase after extraction of the SDS-Co(III)-5-Cl-PADAP ion pair. The averaged absorbance (n = 5 each; RSD, 1.3 -2.2% ) of the organic phase decreased in proportion to the increase in the aqueous/organic volume ratio. The result indicated that the extraction efficiency was strongly dependent on the volume ratio, and a solute concentration effect was disappointed in this extraction system. The value of D was calculated to be 57.1 from the absorbance data over different volume ratios. The calculated extracting efficiency on the present analytical procedure would be 93.1%, which was nearly equal to those found experimentally (93.0%). Two successive extractions with the same volume ratio would give a 99.5% of the efficiency (but experimentally 98.1%).
Although the percent extracted by anisole, experimentally 93.0% in single extraction, was somewhat less than those by benzene, 96.4% from our verification study for Taguchi's method, the efficiency of the anisole extraction would be fully acceptable from an environmental-analysis viewpoint. If the additional volume of the chromogenic agent is reduced from 10 to 1 mL, the percent extracted would increase to 96%. This is flexibly changeable in the analytical procedure as occasion demands.
Quantification
A validation study for the Co(III)-5-Cl-PADAP/anisole method was performed by analyzing three kinds of AS standards, such as SDS, LAS, and SSS, ranging between 1.0 × 10 -7 and
The obtained quantification data are summarized in Table 2 . The relative standard deviations for the absorbance data (individually n = 5) within the dynamic range were 1.6 -5.2% for SDS, 1.2 -10% for LAS, and 0.6 -5.6% for SSS. The slopes of the calibration lines were almost the same throughout the dynamic range. for SSS, which were significantly higher than 5.5 × 10 4 L mol -1 cm -1 for SDS found through the benzene-extraction procedure from our study, or 5.9 × 10 4 L mol -1 cm -1 for SSS from a report of Taguchi and coworkers. 6 In addition, the analytical sensitivity of the anisole-extraction method was almost independent of the kinds of ASs (see Table 2 ), which would be a big merit from the viewpoint of real-sample analyses.
Application to surface waters
The method was applied to both river and well-water samples. Although such surface-water samples may contain less abundant interfering substances, 5, 6 the standard-addition method was essentially useful for the determination of ASs, because of avoiding more or less present matrix effects.
The standard-addition method was carried out by spiking SDS into the sample water in four different concentrations to be 0.50, 1.0, Table 3 . The slopes of the standard-addition curves were somewhat reduced compared to those of the standard curves (Table 2) , which seemed to be due to a matrix effect and/or a temperature effect. The total AS concentrations in the river and well-water samples were almost 1 μmol L -1 order of magnitude, expressed by the SDS concentration, which were consistent with those given in earlier papers. 6, [15] [16] [17] 
Application to coastal seawater
The Co(III)-5-Cl-PADAP/anisole method was considerably affected by the coexisting chloride ions, as described above, leading to 15% positive errors when analyzing SDS in a solution containing 0.6 mol L -1 Cl -corresponding to seawater. In the cases giving high blank signals, in general, the standard-addition method may be risky for quantification. Figure 3 shows two standard-addition curves for the determination of ASs in a real seawater sample. The upper line was based on the direct absorbance signals of the anisole phases, and the lower was based on the signals after an additional phase-washing treatment. A significant difference in the intercepts was found between the two, although their slopes were almost equal. It is clear that extrapolation from the upper line will result in a serious overestimation.
Yamamoto and Motomizu have introduced a phase-washing procedure for the determination of ASs in seawater 10 based on the ethyl-violet/toluene method, which can decrease such a high blank absorbance, due to chloride ions, by washing the extracted species in the organic phase with 0.08 mol L -1 HCl. This optional treatment was also effective in the present method. As a result, the excessive blank absorbance was considerably reduced to the level of river-water samples, like the lower line in Fig. 3 , in which the intercept decreased from 0.4956 before washing to 0.1143 after washing.
The AS concentration of the Enoshima coastal seawater was finally found to be 0.97 μmol L -1 . This is consistent with those reported in an earlier paper, 10 although the corrected values may still include some unknown Co(III)-5-Cl-PADAP-active substances in seawater.
Conclusions
The balky ion pairs produced by [Co(III)-(5-Cl-PADAP)2] + 
Cl
-was reduced to a minimum level by adding ammonium sulfate as a phase-separation or a salting-out agent. Since this cationic chromophore is less adsorbable to glass wear such as a separating funnel, the analytical operations are simply replicable many times without any coloring problems, often caused by other cationic dyes, such as methylene blue and ethyl violet. The analytical sensitivities for ASs by the Co(III)-5-Cl-PADAP/anisole method are ca. 1.3-times higher than those by the Co(III)-5-Cl-PADAP/benzene method, proposed earlier. In addition, anisole is less harmful than benzene. The method is highly reproducible and satisfactorily reliable.
We can finally say that the Co(III)-5-Cl-PADAP/anisole method has many technical merits for the determination of anionic surfactants in environmental water samples, and may take the place of the MB or EV method, which is officially recommended. 
